ABSTRACT The aerodynamic shape of the hypersonic glide vehicle (HGV) has become a research topic nowadays due to its excellent aerodynamic performances. Some limitations need to be reduced when the free-form deformation (FFD) method is applied to parametric modeling and design of an HGV. In this paper, a typical lifting body is considered as an example, and we propose a border-based FFD modeling method that transforms the boundary of FFD lattice into the border of the windward side. Then, the superiority of the border-based FFD modeling method is demonstrated by comparison with the traditional FFD modeling method, and the mesh quality parameters are used to validate the well-deformed model and good geometric continuity of the proposed method. Finally, the border-based FFD modeling method is applied to deformable modeling and aerodynamic simulation of three typical HGV shapes. The results show that the higher efficiency, wider design space, and better applicability are performed by using the border-based FFD modeling method that outperforms the traditional FFD modeling method, and this method we proposed can allow a designer to achieve the better aerodynamic shape of HGVs.
I. INTRODUCTION
Hypersonic glide vehicles (HGVs) have become a research topic owing to their high speed, high maneuverability, and high-altitude flight. Unlike traditional aircraft, the body of a HGV provides the main lift force and its aerodynamic shape is characterized by a large windward side [1] , aerodisk design [2] , thermal protection shield [3] , and blunt leading edge [4] . The typical HGV shapes include lifting body [5] , blended wing body [6] , and waverider body [4] , [7] . During the aerodynamic shape design of HGVs, parametric modeling plays a crucial role [8] in determining the performance of the HGV, such as the lift-to-drag ratio (L/D), processing difficulty, ballistic trajectory, stability, and maneuverability. A good parametric modeling method should provide high efficiency, wide design space, and satisfy the design constraints.
Generally, HGVs are capable of atmospheric reentry and unpowered glide; therefore, the aerodynamic shape has an
The associate editor coordinating the review of this manuscript and approving it for publication was Chaoyong Li. important influence on the HGV's performance. During gliding, the HGV operates with a large angle of attack (AOA) in the initial stage and then maintains an AOA corresponding to the maximum L/D over a long glide distance [9] . Because the windward side of the HGV has the largest contact area with the incoming flow and provides nearly all the lift force, we focus on the parametric modeling of the windward surface in this paper.
There are many studies on parametric modeling of HGVs [1] , [6] , [10] , [11] and common methods include the B-spline method [12] , [13] , non-uniform rational B-spline (NURBS) method [14] , class/shape function transformation (CST) method [15] , parametric section (PARSEC) method [16] , Hicks-Henne method [17] , radial basis function (RBF) method [18] , and free form deformation (FFD) method [19] . Among these, the FFD method can be used in arbitrary geometrical models and creates arbitrary theoretical deformation results, thereby providing a wide design space. Most importantly, the FFD method can create new shapes globally or locally and more details can be expressed. In addition, the FFD method can be coupled with mesh deformation [20] , so it is highly suitable for the parametric modeling of the windward surface.
The FFD method was first proposed by Sederberg and Parry [19] , who used the Bernstein polynomial as the basis function. The NURBS-based FFD (NFFD) method, which uses the NURBS function as the basis function, was proposed by Lamousin and Waggenspaek [21] . An extended FFD (EFFD) method was proposed by Coquillart [22] to model complex geometry. Hsu et al. [23] proposed the direct manipulation of the FFD (DFFD) method, which directly and accurately manipulates the geometry. Subsequently, Feng et al. [24] introduced the shape surface and height surface methods to the FFD method for surface deformation, and Yoon and Kim [25] proposed a sweep-based FFD method. The FFD method has been widely used for the aerodynamic shape design of aircraft. For example, Gagnon and Zingg [26] transformed a spherical shape into the shape of the aircraft using a two-level FFD method, Zhang et al. [11] conducted a review of the FFD method for aerodynamic design, and Koo and Zingg [27] optimized a rectangular wing and various wingtip treatments using the FFD method.
However, current researches on FFD method mostly focused on traditional aircraft, such as airfoils and wings. Few studies have considered HGV shapes. In our work, we found that several problems limit the current FFD method for well parametric modeling of the HGV, such as the large computational complexity, low operational efficiency, and geometric discontinuity. In order to solve these problems, a borderbased FFD modeling method is presented in this study and it is demonstrated that the proposed method is well-suited for modeling and design of the HGV. This paper is organized as follows. The next section introduces the FFD methods with NURBS basis function. In Section 3, we propose some limitations yet to be solved when applied the FFD method to the parametric modeling of windward side. In Section 4, we introduce a border-based control surface and develop the border-based FFD modeling procedure. Section 5 validates the superiority and applicability of the border-based FFD modeling method. Section 6 completes the paper with the conclusion.
II. FREE FORM DEFORMATION
In FFD method, the to-be-deformed geometry is inserted into an elastic FFD control lattice and the mapping relation between the geometric mesh points and control points are created. When the control points move, the geometric model will be deformed based on the mapping relationship. We use a typical lifting body as an example to describe the FFD method, as shown in Fig. 1 .
A. FFD CONTROL LATTICE
In FFD method, a parallel hexahedron is commonly used as the control lattice. The control lattice contains the to-bedeformed geometry. We use the lifting body as an example and create an isometric cuboid control lattice, which consists of the green control points and black lattices, as shown in Fig. 2 .
B. LOCAL COORDINATE SYSTEM
Based on the cuboid control lattice, the local coordinate system X 0 −STU is created. The origin of the local coordinate system is X 0 and the axial vectors along the directions of the length, height, and width of the control lattice are S, T , and U . Using the local coordinate system, any geometric mesh point X can be described as
where s, t, u (0 ≤ s, t, u ≤ 1) are the local coordinates of X .
C. FFD CONTROL POINT
The number of FFD control points along the axial vectors of S, T , and U are (l + 1), (m + 1), and (n + 1) respectively. As Fig. 2 shows, we use l = 8, m = 4, and n = 8. Any control point P i,j,k can be chosen as the design control point, which is defined as
where P i,j,k is the global coordinate of the design control point; i, j, and k (i = 0, 1, · · · , l; j = 0, 1, · · · , m; VOLUME 7, 2019 k = 0, 1, · · · , n) are the sequences of the control points along the axial vectors of S, T , and U .
D. MAPPING RELATIONSHIP
The mapping relationship between the geometric mesh points X and control points P i,j,k is the key in FFD method. Based on the basis function R(·), the mapping relationship is generally written as
where R i (s), R j (t), and R k (u) are the basis functions along the axial vectors of S, T , and U . The basis function R(·) plays an important role in the mapping relationship. The Bernstein polynomial, B-Spline function, and NURBS function are the commonly used basis functions. Because the NURBS function introduces an additional weight factor to enable a wide design space [28] , we use the NFFD method in this study.
E. DEFORMATION OF GEOMETRIC MODEL
The deformation of the geometry is manipulated by moving the design control point P i,j,k ; the displacement changes P i , P j , and P k are along the axial vectors of S, T , and U , as shown in Fig. 2 . Based on the mapping relationship and NURBS basis function, the displacement change X of the geometric mesh point X can be defined as
where p, q, and r are the orders of the NURBS basis function and ω i , ω j , and ω k are the weight factors of the design control point.
III. LIMITATIONS OF THE FFD METHOD
Though there are many advantages of the FFD method, such as geometric independence, random deformation, and mesh synchronization, current research has mainly focused on traditional vehicles [29] . At present, few studies have been conducted on the parametric modeling of the HGVs using the FFD method; therefore, we focus on this topic in this paper. During the study, we found the following problems that have yet to be solved.
A. LARGE COMPUTATIONAL COMPLEXITY
In general, there are millions of geometric mesh points and hundreds of control points need to be moved during the FFD modeling of the windward side. In addition, in theory, there are displacement changes in three directions for each control point; therefore, the computational complexity of the mapping and reverse mapping between the control points and mesh points is very high. For example, there are 405 control points and each one has 3 displacement changes in Fig. 2 , which results in 3 × 405 theoretical variables. The mapping operation includes three nested levels due to three dimensions of the FFD control lattice, so this results in a time complexity of 3 × O(405 3 ).
Besides the mapping operation, a high computational cost is associated with solving the local coordinates of the geometric mesh points. It is relatively simple to solve the local coordinates for the isometric cuboid displayed in Fig. 2 . However, for an irregular FFD control lattice, complex mathematical methods are needed to solve the local coordinates [22] , thereby further increasing the calculation time.
The aerodynamic shape design of an HGV is rather timeconsuming; therefore, one of our objectives is to simplify the FFD modeling and reduce the calculation complexity.
B. LOW OPERATIONAL EFFICIENCY
As mentioned before, the to-be-deformed geometry is inserted into a control lattice. When the control lattice has a regular structure, part of the control points that are projected in the X 0 − SU plane must be outside of the windward side. However, only the projected points within the windward side can be used as a design control points whereas the other projected points can only be used as non-design control points.
Therefore, for a regular control lattice, the design control points have to be selected before the FFD modeling begins. In addition, when the geometric model is updated or the control lattice is modified, the design control points have to be re-selected, which results in low operational efficiency. As shown in Fig. 3 , the control points are projected in X 0 − SU plane of the control lattice; the green points within the windward side are design control points, the red points outside the windward side are non-design control points, and the yellow region is the operating region for the FFD modeling of the windward side.
The red non-design control points account for 62% of all control points, exceeding the proportion of the green design control points, which account for 38%. This indicates that the number of design points is less than non-design control points. Moreover, as the design control points increase, the non-design control points also increase proportionately.
When conducting FFD modeling of the windward side, we want to avoid the selection of design control points and also reduce the proportion of non-design control points. Therefore, another objective of the study is to increase operational efficiency.
C. GEOMETRIC DISCONTINUITY
The FFD modeling of the windward side is a local modeling approach; therefore, it is important to ensure the geometric continuity between the deformable region and the nondeformable region. In this study, we want to ensure the geometric continuity between the windward side and the leading edge of the HGV. The windward side is a smooth surface with small curvature but the leading edge is a blunt surface with large curvature. As a result, geometric discontinuity at the edge is common, as shown in Fig. 4 .
When geometric discontinuity occurs, the geometric integrity of the model is compromised and the FFD modeling fails. Therefore, we have to ensure that the deformation of the windward side occurs in a suitable region. Currently, the most common method to ensure local deformation is the EFFD method, which uses several parallel hexahedrons as the control lattices. In other researches, spliced hexagonal pyramids [30] and complex Bezier tetrahedron [31] have also been used as EFFD control lattices. By integrating several smaller control lattices into a single large control lattice, the EFFD method allows for local deformation.
However, the EFFD method achieves local deformation by complicating the structural simplicity of the FFD control lattice, which not only requires additional constraint equations to ensure the continuity among different control lattices but also requires the coordination of several control lattices in one-time modeling. If the EFFD method is used, the computational complexity and operational difficulty are increased; therefore, a simpler method should be developed.
IV. BORDER-BASED FFD CONTROL SURFACE
In order to solve the above-mentioned limitations, we made several improvements on the traditional FFD control lattice and proposed a border-based FFD control surface. The details of the method are described in the following sections.
A. REDUCTION OF THE DIMENSIONS
As a universal parametric modeling method, the traditional FFD control lattice has a regular three-dimensional (3D) structure, such as the isometric cuboid shown in Fig. 2 . However, since the windward side of the HGV has a smooth surface, the traditional 3D control volume can be simplified as a two-dimensional (2D) rectangular control surface, as shown in the transition from Fig. 5(a) to Fig. 5(b) . Based on the local coordinate system X 0 −STU , the 2D control surface is located in the X 0 − SU plane, the axial vectors are S and U , and the origin remains at X 0 , as shown in Fig. 5(b) .
B. DECREASE IN THE DISPLACEMENT CHANGES
According to the geometric characteristics of the windward side, the design space of the HGV is concentrated in the T direction. Therefore, we only need to manipulate the displacement changes of design control points in the T direction. As Fig. 5 (b) shows, we use the displacement change P j of any control point P in the T direction as the design variable to decrease the displacement changes from P i,j,k to P j .
C. REPLACEMENT OF THE BOUNDARY
By reducing the dimensions of the control lattice and decreasing the displacement changes of the control points, the 2D control surface has been simplified. In order to satisfy the design requirements, we first extract the projected border of the windward side in the X 0 − SU plane; the curves of the 
where s and u(0 ≤ s, u ≤ 1) are the local coordinate values of the mesh point, x and z are the global coordinate values of the mesh point, x edge and z edge are the global coordinate values of the curves on the projection border, x edge min is the minimum value of x edge , and x edge max is the maximum value of x edge . On the border-based control surface, the displacement changes P j only occur in the T direction for all design control points and the displacement changes y of all mesh points on the windward side are defined as 
D. MODELING PROCEDURE
The flowchart of the border-based FFD modeling procedure integrated with the NURBS basis function is shown in Fig. 6 . The key steps are introduced as follows.
Step 1: Based on the geometric model with mesh discretion, we first set up the local coordinate system X 0 −SU . Then the projected border of the windward side in the X 0 −SU plane is defined as z edge = f (x edge ). Next, we replace the boundary of the regular control lattice with the border of windward side. For simplicity, we can ensure that the control point with a single displacement of P j changes only in the T direction.
Step 2: The number and location of the design control points are arranged based on the design requirements. In the NURBS basis function, the order k controls the deformation range and the weight factor ω controls the deformation degree. In addition, we can set the order k and weight factor ω of an arbitrary design control point to satisfy the design requirements.
Step 3: The mapping relationship between the control points and mesh points is conducted after step 2. This process involves the transformation between the local and global coordinate systems, which is performed using the ''Freeze'' and ''Unfreeze'' operations. First, we do not change the coordinates of the design control points to calculate the local coordinates of the mesh points; this is referred to as the ''Freeze'' operation. Then we manipulate the design control point P with the displacement change P j and solve the global coordinates again by reverse mapping; this is referred to as the ''Unfreeze'' operation.
Step 4: Based on the mapping relationship, the new coordinates of the mesh points on the windward side are updated after step 3. This step completes the FFD modeling and a new geometric model is created. Subsequently, this modeling procedure can be operated iteratively according to the design objects.
V. RESULTS AND DISCUSSION

A. COMPARISONS
We compared the border-based FFD modeling method with the traditional FFD modeling method to demonstrate the superiorities of the border-based control surface, such as the lower computational complexity, the high operational efficiency, and good geometric continuity.
1) LOWER COMPUTATIONAL COMPLEXITY
First, the dimensions of the FFD control lattice were reduced from three to two; therefore, the mapping process has only two nested levels. The time complexity has been reduced from O(n 3 ) to O(n 2 ). Second, due to the reduction of the dimensions, the total number of control points also has been reduced. In addition, the displacement changes of the design control points are further simplified.
We use the lifting body as an example; the design control points only have one displacement change in T direction, which reduces the time complexity from 3 × O(405 3 ) to O(81 2 ). The detailed results are listed in Table 1 ; the computational complexity has been reduced significantly by the border-based FFD modeling method.
2) INCREASE IN OPERATIONAL EFFICIENCY
The projections in the X 0 − SU plane of the traditional control volume and the border-based control surface are shown in Fig. 7 (a) and (b) , respectively. For both FFD modeling methods, the number of control points in the bottom lattice (that is 18 × 18) is four times that of the top lattice (that is 9 × 9). The green points are the design control points, the red points are the non-design control points, and the yellow region is the operating region for the FFD modeling of the windward side.
The comparison of Fig. 7(a) and Fig. 7(b) indicates that many non-design control points exist in the traditional control volume but in the border-based control surface, nearly all the control points can be used as design points, except for the points on the outermost border. In the top panel of Fig. 7 , the number of control points is 9 × 9 for both control lattices; the proportion of the design control points is 38% for the traditional control volume and 60% for the border-based control surface. In the bottom panel of Fig. 7 , the proportion of design control points is 45% for the traditional control volume and 79% for the border-based control surface.
In theory, the maximum proportion of the design control points for the traditional control volume is less than the area ratio of the projected windward side to the X 0 − SU plane in the control volume (the area ratio is 60% in Fig. 7 ), but the maximum proportion of the design control points for the border-based control surface can approach 100%. The proportions of the design control points for the different control lattices are shown in Table 2 .
It is evident that the proportion of the design control points is larger for the border-based control surface than the traditional control volume and that this proportion increases as the control points increased. Furthermore, the selection procedure of the design control points is not required in the border-based control surface. The results show that the operational efficiency is increased by the border-based FFD modeling method.
3) GOOD GEOMETRIC CONTINUITY
Because the edge that connects the windward side and leading edge is the area where the geometric discontinuity occurs, the deformed region must be limited within the windward side. An inherent advantage of the border-based FFD modeling method is the geometrical similarity between the boundary of the control surface and the border of the windward side. During the FFD modeling, we set the control points on the outermost border as non-design control points. Because there are no deformation at the boundary of the control surface and the deformation is limited within the windward side, so the border-based control surface can ensure geometric continuity in theory.
In order to verify the geometric continuity, we choose six design control points P 1 ∼ P 6 on the traditional control volume and border-based control surface, as shown in Fig. 8.  The sequences (i, j, k) in the local coordinate system of the design control points are the same in both two control lattices. The sequences (i, j, k) of P 1 ∼ P 6 and their displacement changes P are listed in Table 3 .
During FFD modeling of the windward side, the displacement changes of the design control points are P = (2.0, −4.0, −4.0, 6.0, −8.0, −8.0), the weight factors of the design control points are ω = (4, 6, 6, 6, 6, 6), and the order of NURBS basis function is k = 2. The deformation results of the windward side are shown in Fig. 9 and the contours of the coordinate changes Delta Y on the windward side are shown in Fig. 10 . Fig. 9(a) and Fig. 10(a) indicate that there are at least two regions of geometric discontinuity in the traditional control volume method; these are magnified in the red boxes. However, there are no geometric discontinuities observed in Fig. 9(b) and Fig. 10(b) ; the coordinate changes Delta Y are all on the windward side and no Y coordinate changes occur near the edges.
The comparisons demonstrate that for the same displacement changes of the design control points and basis function, the border-based control surface ensures geometric continuity and the deformation is limited within the windward side. More importantly, unlike the EFFD method that uses multiple FFD control lattices with additional constraints, the borderbased FFD modeling method achieves similar local deformation with no constraints.
B. MESH QUALITY
Because the FFD method directly manipulates the geometric mesh points, we investigate the mesh quality parameters [32] to evaluate the robustness of the deformation models.
Discretized by the triangle mesh element, we first define the change in the element's size f 2D size as: where τ is the area ratio defined as:
where S is the area of the mesh element, and ς is the area of an equilateral triangle comprised of the second side length of the element. Second, the change in the element's shape f 2D shape can be described as:
where l i (i = 1, · · · , 6) are the sides of a triangular element. Thus, the changes in the size and shape represent the measure of mesh quality, which is defined as: (10) where f 2D size−shape ∈ (0, 1] and when the element's quality is better, f 2D size−shape → 1. Finally, by determining the parameter f size−shape for each element, we can obtain the average value of f size−shape of all elements as F mean and the minimum value as F min , which are given by:
where Ne is the number of mesh elements. In order to evaluate the descend range of the mesh quality parameters, we use a quantitative evaluation formula:
where δ is the descend range of the mesh quality, F Base is the mesh quality of the windward side with no deformation and F FFD is the mesh quality of the deformed windward side using the FFD method. In this study, the smaller the value of δ, the higher the mesh quality of the deformed model is and the better the control lattice method is. The comparisons of the mesh quality of the basic model and the deformed models are presented in Fig. 11 , and the detailed results are shown in Table 4 . The mesh quality of the deformed model with the border-based control surface is close to that the basic model; the descend range value is 0.01237% for the average mesh quality and no change for the minimum mesh quality. The descend range of average mesh VOLUME 7, 2019 quality for the deformed model with the traditional control volume is 0.4947% and the descend range of the minimum mesh quality is 95.93%. The results show that there is almost no loss of mesh quality for the border-based FFD modeling method, which is superior to the traditional FFD modeling method. Fig. 10(a) , there are several regions with low mesh quality and geometric discontinuities for the traditional control volume, as shown in Fig. 12(a) in the red boxes. In contrast, the mesh elements are better maintained by the border-based control surface, even in the regions that exhibit mesh distortion in the traditional control volume, as shown in Fig. 12(b) in the blue boxes. In addition, the highly consistent of the contours in Fig. 12(b) and Fig. 12(c) indicates that the mesh quality of the border-based FFD modeling method is in accordance with the basic model. The contours of the mesh quality demonstrate that a more robust deformation model can be obtained when using the border-based control surface; the mesh quality is high and the model has good geometric continuity.
C. MODELING CASES
The previous analysis demonstrated the superiorities of the border-based FFD modeling method. In order to illustrate the applicability of the proposed method, we apply it to the lifting body and two other typical HGV shapes, namely the blended wing body and the waverider body, as shown in Fig. 13 .
There are two reasons for choosing the three typical HGV shapes; first, they represent commonly researched aerodynamic shapes of HGVs, including the lifting body, blended wing body, and waverider body. Second, all shapes have in common the common geometric feature of the windward side; lifting body has an external convex surface, blended wing body has a plane surface, and waverider body has an internal concave surface.
Based on the FFD modeling procedure (Fig. 6) , we create the border-based control surfaces for different windward sides of three HGVs, as shown in Fig. 14 . The number of control points is 30 × 20( S × U ) for all the border-based control surfaces, and the design control points only have one displacement change in T direction. During the FFD modeling of three HGVs, we can create various deformed results by choosing different positions and displacement changes of design control points. Under the constraints of the design requirements, only the smooth deformation along the streamline of the incoming flow can be created in this study.
For simplicity, we list two representative deformation results A and B for each shape. The models of basic lifting body and its two deformed results A and B are shown in Fig. 15 , and the contours of the Y coordinates on the windward sides are appended to analyze the deformation degree.
The models of basic blended wing body and its two deformed results A and B are shown in Fig. 16, and In order to analyze the deformation degree, the comparative contours of the Y coordinates on the windward sides are shown in Fig. 18 . In all pictures, the contours of basic HGVs are shown on the top half and the contours of the deformed HGVs are shown on the bottom half.
As shown in Figures 15∼18, all three HGVs can obtain favorable deformation results. This border-based FFD modeling method does not only provide a wide design space for the HGVs but also ensure good geometric continuity, even for large deformation.
D. SIMULATIONS
In order to verify the border-based FFD modeling method can provide effective support for the aerodynamic design of the HGV, we perform some aerodynamic simulations of the basic HGVs and deformed HGVs. During the simulation, the condition of the incoming flow is a free stream with the flight height of H = 40 km, a Mach number of Ma = 8, and an angle of attack of α = 8 • . Based on the Euler equation, the simulation results were demonstrated through the axial force coefficient, normal force coefficient, lift force coefficient, drag force coefficient, and the lift-to-drag ratio of HGVs, as shown in Table 5 .
By contrast, the differences of aerodynamic results between the basic HGV and corresponding deformed HGVs are significantly. The lift-to-drag ratio of L/D is a mainly index to reflect the aerodynamic performance of the HGV shape, and we can see the three HGVs all have the more superior deformed results of the L/D than the basic models.
In order to analyze the aerodynamic results in more detail, the comparisons of the pressure contours on the windward sides are presented in Fig. 19 . From these figures, we can see the pressure on deformed HGVs (on the bottom half of each figure) are obviously different with the basic HGVs (on the top half of each figure), so the aerodynamic performances are changed significantly by the border-based FFD modeling method.
All the results illustrate that the border-based FFD modeling method is better suited for parametric modeling and aerodynamic design of HGVs than the traditional method. The improvement of the L/D for each HGV illustrate that a wider design space and better support can be achieved by using this border-based FFD modeling method.
VI. CONCLUSION
In this study, a border-based FFD modeling method was proposed to ensure the FFD method can be suitable for parametric modeling and design of HGVs. The FFD control lattice was simplified; the dimensions of the control lattice were reduced from 3 to 2 and the displacement changes of the control points were limited to one direction. The boundary of the traditional control lattice was transformed into the border of windward side. By comparison, the border-based FFD modeling method reduced the complexity of computation, increased the efficiency of operation and had good geometric continuity.
Results of the robustness test of the deformed windward side demonstrated that the border-based FFD modeling method could create a more robust deformed model with high mesh quality and good geometric continuity. The applicability of the border-based FFD modeling method was validated by modeling three typical HGV shapes and simulating their aerodynamic performances. All three HGVs have the superior deformed results of the L/D than the basic shapes.
The main goal of this study was to provide better support for FFD modeling of the HGV. The high efficiency, wide design space and well applicability of the border-based FFD modeling method will allow researcher to achieve better design of the aerodynamic shape of the HGV. In follow-up work, more advanced parametric method will be developed and the concepts of this study will be extended to other related researches.
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